The timing and magnitude of snowmelt discharge and subsequent runoff are controlled by both matrix and preferential flows of water through snowpacks. Matrix flow can be estimated using the Richards equation, and recently, preferential flow in snowpacks has been represented in 2D and 3D models. A challenge for representing preferential flow through porous media in 2D or 3D is capillary pressure overshoot in 1D. Soil studies have developed sophisticated and largely realistic approaches to represent capillary pressure overshoot, but it has not been addressed in snowpack water flow models. Here a 1D nonequilibrium Richards equation model is implemented with dynamic capillary pressure and is combined with a new concept of entrapment of liquid water within the pore space. This new model well represented capillary pressure overshoot, as estimated by published capillary pressure measurements in snow samples of various grain sizes under different rates of liquid water infiltration. Three model parameters were calibrated, and their impacts on model outputs were evaluated. This improvement is a substantial step toward better understanding and simulating physical processes occurring while liquid water percolates an initially dry snowpack.
Introduction
During snowmelt and rain-on-snow events, the timing and magnitude of snowmelt runoff are primary controlled by infiltration of water through snow (Colbeck, 1972; Horton, 1915; Wankiewicz, 1979) . Understanding water flow through snow is not only crucial to better predicting cold regions hydrology, it is also an important factor in triggering wet snow avalanches (e.g., Kattelmann, 1984; Wever et al., 2016) . Under a warming climate, slower and earlier snowmelt is forecast (Lopez-Moreno et al., 2017; Musselman et al., 2017; Pomeroy et al., 2015; Rauscher et al., 2008) , and the number of rain-on-snow events, which can cause extreme flooding (e.g., Pomeroy et al., 2016) , is expected to increase (Cohen et al., 2015) . Therefore, accurately predicting the timing and amount of snowmelt runoff is critical to better forecasting extreme melt events.
Preferential flow in snow has been widely documented in experimental studies (Avanzi et al., 2016; Katsushima et al., 2013; Marsh & Woo, 1984; Schneebeli, 1995; Waldner et al., 2004) and has shown to accelerate the infiltration of water, which bypasses zones in the snowpack that remain dry and cold (Marsh, 1991; Marsh & Woo, 1984) . Through laboratory experiments in dry snow samples, Katsushima et al. (2013) linked the occurrence of capillary pressure overshoots in wetting snow to the formation of preferential flow. From observed capillary pressure overshoots, Katsushima et al. (2013) identified a water pressure threshold (or water entry pressure) that the wetting phase must reach to infiltrate dry snow pores.
Only recently, multidimensional numerical models have been developed to simulate the formation and propagation of preferential flow in snow (Hirashima et al., , 2017 Leroux & Pomeroy, 2017) . In these models, a static capillary pressure threshold for initially dry snow was added to the snow water retention curve, which corresponds to the relationship between capillary pressure and the saturation of the wetting phase, to represent the imbibition water entry pressure measured by Katsushima et al. (2013) ; in these models, water can infiltrate a dry snow cell when the capillary pressure during imbibition becomes lower or equal to the capillary pressure threshold of the dry cell. This allowed for the simulation of preferential flow paths in snow in 2D and 3D models. The capillary pressure threshold was assumed constant for a given snow water retention curve (i.e., for a given snow density and grain size) and did not vary with the water input flux, contrary to the observations of Katsushima et al. (2013) . Implementing the capillary pressure threshold for dry snow also resulted in simulated capillary pressure overshoots in snow, but the predicted values failed to mimic the laboratory experiments of Katsushima et al. (2013) with artificial snow samples. The model of Hirashima et al. (2014) overestimated the capillary pressure, most likely because capillary hysteresis was neglected (Leroux & Pomeroy, 2017) . Despite the improvements in modeling water flow through snow, introducing a capillary pressure threshold for dry snow in the imbibition snow water retention curve results in limited representation of measured capillary pressure; a new method to better estimate capillary overshoot in snow is needed.
Capillary pressure overshoot and saturation overshoot have been observed in soil during one-dimensional (1D) experiments (Bauters et al., 1998 (Bauters et al., , 2000 DiCarlo, 2004; Glass & Nicholl, 1996) . Both phenomena were found to be the cause for unstable flow in multidimensional experiments (DiCarlo, 2013; Eliassi & Glass, 2001) . Capillary and saturation overshoots in 1D and unstable flow in 2D or 3D cannot be represented by solutions of the standard Richards equation, which are unconditionally stable . Different extensions to the Richards equation have been proposed to simulate the "hold back-pile up" behavior in saturation observed at the tips of the preferential flow paths (summarized in DiCarlo, 2005 DiCarlo, , 2010 DiCarlo, , 2013 . Hassanizadeh and Gray (1993) suggested adding a dynamic term in the capillary pressure equation to account for the relaxation mechanism between water saturation and water pressure. When implementing this dynamic term in the Richards equation, realistic simulations of saturation and pressure overshoots in 1D models were obtained, as well as unstable flows in 2D and 3D models (Chapwanya & Stockie, 2010; DiCarlo, 2005; Nieber et al., 2003; Sander et al., 2008; Zhang & Zegeling, 2017) . DiCarlo (2007 DiCarlo ( , 2010 noted that the relationship between capillary pressure and saturation at the tip of a preferential flow path follows a dynamic (transient) imbibition retention curve that matches the static imbibition retention curve. Therefore, applying a dynamic capillary pressure in snow should result in better representations of capillary pressure overshoot than using an imbibition water entry pressure when the medium is initially dry, as done in Hirashima et al. (2014 Hirashima et al. ( , 2017 and Leroux and Pomeroy (2017) .
Constant values of residual water content have often been applied when the Richards equation is solved to estimate water flow in snowpack models, neglecting the potential impact of snow properties on this parameter (Daanen & Nieber, 2009; D'Amboise et al., 2017; Illangasekare et al., 1990; Jordan, 1983; Leroux & Pomeroy, 2017; Wever et al., 2014) . The values used for the residual water content in snowpack models are typically determined from drainage experiments using small snow samples (Katsushima et al., 2013; Yamaguchi et al., 2010) , and these values might not be suitable for simulating wetting processes in snow. For instance, prior to the first snowmelt, the snowpack is air-dry and no liquid water is present within the pore space (outside of the thin fluid of liquid water existing around the snow grains). Thus, the residual water content value during the first imbibition process of the snowmelt season or during a rain-on-snow event in cold snow should be zero.
Pragmatic strategies have been used in snow models to determine residual water content in wetting snow layers that are initially air-dry (D'Amboise et al., 2017; Wever et al., 2014) . These methods can be seen as simple trapping models that determine the amount of isolated liquid water within the pore space as a function of available liquid water. This is analogous to trapping of the nonwetting phase in soil petroleum engineering (Land, 1968; Lenhard & Parker, 1987) , where the trapped nonwetting phase (usually oil or gas) is extracted from the porous medium by a moving wetting phase (usually water). Land (1968) developed a model to divide the nonwetting fluid that is being extracted into a mobile fluid and a trapped fluid and to estimate residual saturation of the nonwetting phase as a function of its initial saturation. No model to estimate the residual saturation of the wetting phase combined with a hysteretic water retention curve has been developed and evaluated for snow.
In this study, a 1D numerical model to simulate water flow through snow addressing the two gaps in the literature (accurate simulation of capillary overshoot and simulating entrapment of water content within the pore space) is presented. A dynamic capillary pressure is included in the Richards equation to simulate capillary overshoot in snow. A method for estimating residual water content in snow layers that are initially air-dry is introduced in the hysteretic snow water retention curves applied in the nonequilibrium Richards equation model. This model is compared to published data of capillary pressure overshoots in snow, and the sensitivity of the model to key parameters is examined.
Theory and Model
To simulate the vertical flow of liquid water in snow, the 1D Richards equation is solved:
where θ is the volumetric water content (m 3 /m 3 ), k r (θ) is the relative permeability (À; cf. section 2.2), K s is the saturated hydraulic conductivity (m/s), P stat c θ ð Þ is the static capillary pressure (m; cf. section 2.1), and z is the vertical direction and is measured positive downward (m).
Prior to the first snowmelt or rain-on-snow event, the pores within a snowpack are air-dry; that is, no liquid water is present. In the present study, the contribution of liquid water from the thin film surrounding the ice grains to bulk water content at macroscale is neglected. For initially air-dry snow (θ = 0), Hirashima et al. (2014) was the first to apply a constant water entry pressure in their model until the water content reached a residual water content value (θ = θ r ), after which the capillary pressure was estimated from a drainage water retention curve. The various values of volumetric residual water content used in snow models, θ r , were determined from drainage experiments of initially fully saturated snow samples (e.g., Katsushima et al., 2013; Yamaguchi et al., 2010) . These published values of θ r correspond to maximum residual water contents on the drainage curve, hereby called θ max r (Figure 1 ).
Here the main imbibition curve and scanning curves of the snow water retention curve are modified from those of previous snow studies (e.g., Leroux & Pomeroy, 2017 ) so that they can be applied from initially dry to fully saturated snow. The main imbibition and the main drainage curves start at θ = θ r = 0 and θ ¼ θ max r , respectively (Figure 1 ). The trapping model of Land (1968) is adapted to account for entrapment of the wetting phase within snow pores during drainage. The amount of water being trapped depends on the water content of the reversal point between imbibition and drainage (black dot in Figure 1 ). This model is used to determine residual saturation of the wetting phase (θ r ∈ 0; θ max r Â Ã ) based on water content of the reversal point (θ Δ id ) when the process switches from imbibition on the main imbibition curve to drainage:
with C ¼ θs θ max r À 1 and θ s is the volumetric water content at saturation (m 3 /m 3 ).
Water Retention Curve
The water retention curve, that is, the relationship between static capillary pressure (P stat c in equation (1)) and water content of the wetting phase includes a main imbibition curve initiating at θ = 0, a main draining curve starting at θ ¼ θ max r , and drying and imbibition scanning curves. From this point, the superscripts "i" and "d" represent the imbibition and draining modes of parameters. The main imbibition and drying curves are estimated using the van Genuchten model (van Genuchten, 1980) :
where α j (m À1 ), n j , and m j are parameters, and j ∈ {i, d}. The van Genuchten parameters α i and n i for the main imbibition curve are scaled from the parameters of the main draining curve (α d and n d ) according to the method of Kool and Parker (1987) , that is, n i = n d and α i = γα d , with γ usually taken equal to 2 in soil studies. In snow, parametric equations for α d and n d exist, relating these parameters to snow grain size and dry density. This theory to scale the main imbibition curve to the main drainage curve was chosen because it adds only one unknown parameter to the model: γ. It should be noted that n i most likely differs from n d , as has been observed in soil studies (see, for instance, the values of the van Genuchten parameters in DiCarlo, 2004) . Additional snow laboratory experiments are required to determine the relationship between the snow main imbibition and snow main drainage curves or parametric equations for α i and n i .
The scanning curves of the snow retention curve are simulated with the model of Huang et al. (2005) . The scanning curves are forced to pass through the reversal points on the main imbibition and drainage curves to obtain closure of the loops, thus preventing artificial pumping errors (Werner & Lockington, 2006) . The water content on each scanning is estimated by fitting the van Genuchten model to pass through the known reversal points on each main curve. is the residual water content on the main drainage curve (cf. Figure 1a) . These values were measured by Katsushima et al. (2013) during a drainage experiment in a fine-grained snow sample (cf. the snow sample S M in Table 2 in Katsushima et al., 2013) . The main imbibition and drainage curves started at two different residual saturations (θ r = 0 and θ r = θ max r , respectively), while the drying scanning curve that initiated from the main imbibition curve (θ Δ id , black dot in Figure 1a ) had a residual saturation calculated from equation (2). In Figure 1a , γ was chosen equal to 2.
Water Relative Permeability
In a trapping model, a fluid is divided into a flowing (mobile) water content (θ f ) and a trapped (disconnected)
Here the model of Land (1968) 
The Mualem-van Genuchten model (Mualem, 1974; van Genuchten, 1980 ) is applied to estimate relative permeability of the wetting phase. During the main imbibition, relative permeability of the wetting phase (k i r ) is a function of the total water content (θ; no trapped fluid, θ t = 0), while the drainage relative permeability of the wetting phase (k d r ) was estimated from Land's model (Land, 1968) :
The relative permeability of the wetting phase when the process follows a scanning drying or imbibition curve is estimated as a function of the flowing saturation. Figure 1b illustrates an example of hysteresis in relative permeability, resulting from entrapment of the wetting phase. For each flow process (represented by the main imbibition, main drying, and a scanning drying curve), relative permeability follows a unique curve. At a fix water content, relative permeability of the wetting phase is smaller during drainage than during imbibition because of reduced flowing water content during drainage (θ f < θ).
Dynamic Capillary Pressure
Saturation or pressure overshoots cannot be represented when solving the 1D Richards equation (DiCarlo, 2005; Eliassi & Glass, 2001 . Several extensions have been added to the Richards equation to simulate saturation or capillary overshoots in snow or soil. A capillary pressure threshold for dry snow was previously applied to simulate water ponding at the interface between wet and dry snow layers Leroux & Pomeroy, 2017) . Despite being able to represent preferential flow, this simplified model was not able to accurately represent measured capillary overshoots in snow. In addition, the constant capillary pressure threshold used was assumed static; it did not depend on input water fluxes as observed during laboratory experiments (Katsushima et al., 2013) . Hassanizadeh and Gray (1993) proposed a nonequilibrium model for capillary pressure. They suggested the use of a dynamic capillary pressure (the actual capillary pressure within the pores, P dyn c in m) in the Darcy-Buckingham equation that depends on the rate of change of water content:
where τ is a relaxation coefficient (m·s). In the following, the nonequilibrium Richards equation corresponds to equation (1) in which P dyn c is used instead of P stat c . In soil, capillary pressure and saturation at the tip of a preferential flow path form a dynamic imbibition curve that matches the main static imbibition curve (DiCarlo, 2010) . Hence, using a dynamic capillary pressure to simulate saturation and capillary overshoots in snow might be more appropriate than using a static water pressure threshold that water pressure need to reach before infiltration dry snow.
Different models exist to relate the relaxation coefficient τ to the dynamic capillary pressure and saturation (e.g., Cuesta et al., 2000; Dautov et al., 2002; Nieber et al., 2005) . Through soil laboratory experiments, τ has been observed to decrease with increasing saturation (Bottero et al., 2011; Das & Mirzaei, 2012; O'Carroll et al., 2005; Sakaki et al., 2010; Zhuang et al., 2017) . Here the relationship between the relaxation coefficient, τ, and the flowing water content, θ f , is assumed to be log-linear, following the observations of Zhuang et al. (2017) and Das and Mirzaei (2012) .
where τ 0 (m·s) and λ are two constant coefficients to determine. The flowing saturation θ f /θ s is used in equation (7) as this variable remains continuous when the flow process switches from imbibition to drainage. In addition, it is intuitive to have the relaxation coefficient dependent on the flowing water content and not the total water content, which also includes the trapped saturation that does not contribute to mass flow.
Numerical Simulations
A 1D model was developed to simulate vertical water flow through snow. The nonequilibrium Richards equation, which includes the trapping and the hysteresis models presented in section 2, was solved using an explicit finite difference method. Water input flux was used as an upper boundary condition, and free drainage was chosen as a lower boundary condition. Relative permeability at the interface of two numerical cells was estimated using arithmetic average, and the time step was smaller or equal to 5 × 10 À4 s to assure model stability.
The first subsection presents the experimental data collected by Katsushima et al. (2013) , and the model results are shown in the following subsections.
Experiment Data
The model results were compared to the experimental data of Katsushima et al. (2013) . Katsushima et al. (2013) applied a known water influx (~22,~70, and~200 mm/hr) at the surface of snow samples of similar density but different grain sizes (from finest to coarsest snow sample, the snow samples are respectively named: FS for fine-grained snow, MS for medium-grained snow, and CS for coarse-grained snow). The snow samples were 27 cm high and 5 cm wide, and snow density and grain size of each snow sample were recorded prior to the infiltration experiments. The physical properties (density and grain size) of the snow samples are summarized in Table 1 . The experiments were conducted under isothermal conditions at 0°C; that is, both the snow samples and the water applied at the surface were at a temperature of 0°C. Therefore, no refreezing was occurring during the experiment, and this process is not included in the model. The 27-cm-tall snow samples were initially divided into wet snow (upper 2 cm) and dry snow (i.e., θ = 0 in the lower 25 cm). The wet snow layer was obtained after drainage experiment, and its water content was at the residual water content θ max r
. Katsushima et al. (2013) measured the drainage water retention curves and the saturated hydraulic conductivity (K s ) of each snow sample; thus, the van Table 1 .
In the experiments, water pressure was measured just above the interface between wet and dry snow (at 25 cm < z < 25.6 cm, with z = 0 cm at the bottom of the snow samples). Due to the short time scale and the transient nature of the experiments, the pressure measured at the interface is most likely a dynamic capillary pressure. At this interface, capillary overshoot was measured for three snow samples (FS, MS, and CS) at all three different input fluxes. A fourth snow sample (denoted S S ) was used in the study by Katsushima et al. (2013) , but capillary pressure overshoot was not observed in this snow sample. Therefore, the snow sample S S is disregarded in this analysis. In most experiments, measured capillary pressure overshoot was greater for finer snow. An analysis of the capillary pressure measurements showed that the time at which minimum pressure was reached was longer for decreasing grain size and decreasing input flux. A schematic of the experiment can be found in Figure 2 of Katsushima et al. (2013) .
Model Comparison With Experiment Data
In the model, the 27-cm-tall snow columns were uniformly discretized into 540 vertical numerical cells (each 0.05 cm thick).
The van Genuchten parameters of the drainage water retention curves and the saturated hydraulic conductivity measured for each snow sample (summarized in Table 1) were used in the model, as well as the known water influx at the snow surface (z = 27 cm). The main imbibition curve and the scanning curves were estimated as detailed in section 2.1. During the experiments, the water content in the upper 2-cm wet layer of the snow samples were initialized at θ ¼ θ max r , while the rest of the snow sample was initially air-dry (θ = 0). To avoid numerical divergence in the model, the water content profile in each snow sample was initialized as follows:
As the wet snow was obtained from drainage experiments after equilibrium was reached in the model, for z ≥ 25 cm, the pressure was initialized on the main drainage curve, while it was on the main imbibition curve for the rest of the snow sample (z < 25 cm).
The simulated capillary pressure overshoots at the wet-to-dry interface with the nonequilibrium Richards equation model were compared to the capillary pressure observations of Katsushima et al. (2013) . The simulated capillary pressure was averaged between 25 and 25.6 cm to be at the resolution of the measurements. First, the three model parameters τ 0 , γ, and λ were manually varied to match the observations. The manual calibration does not provide optimum values, but it rather gives an order of magnitude and a good approximation of the optimum values. A more detailed sensitivity analysis to show the impact of each parameter on the model response is presented in section 3.4.
Water infiltration through the three snow samples was simulated under the three different water influxes. The effect of the relaxation coefficient τ for different snow grain sizes is first evaluated by holding λ constant at 0 and varying only τ 0 and γ. As expected, the results from the standard Richards equation (i.e., no capillary overshoot and monotonic capillary pressure and water content profiles) were reproduced for τ = 0 (not shown). Figure 2 presents the simulated capillary pressures at the wet-to-dry snow interface compared to Note. CS = coarse-grained snow; MS = medium-grained snow; FS = fine-grained snow.
observations for the three snow samples CS, MS, and FS (left to right figures, respectively) with the three different water influxes (increasing influx from top to bottom figures). The values of the two parameters {τ 0 , γ} for all nine simulations are summarized in Table 2 (λ = 0). The modeled capillary pressure overshoot were assumed well fitted with the observations when the normalized biases between simulated and observed values of both minimum capillary pressure and capillary pressure at steady state were less than 1% (Figure 2 ). From the hand calibration, γ was observed to primarily impact the simulated value of minimum pressure and τ (τ = τ 0 here) controlled the value of pressure at steady state. For each snow sample, γ hardly varied with the input flux, while τ decreased for increasing input fluxes. For decreasing grain size, τ 0 and γ respectively increased and decreased to successfully represent the increase of capillary overshoot observed in the data. The magnitudes of capillary pressure overshoot were well represented by the model. For most of the simulations, the timing of the modeled capillary pressure failed to reproduce observations: The modeled minimum capillary pressure and capillary pressure at steady state were reached slightly prior to and later than the observed times, respectively. For all simulations, the minimum pressure was reached when the water content was maximum (not shown).
The impact of λ on simulated capillary pressure was also investigated. Figure 3 shows the simulated capillary pressure in the snow sample FS under the lower influx for optimum values of γ, λ, and τ 0 (shown in Figure 3 ) obtained from manual calibration to achieve normalized biases between observed and simulated values of minimum capillary pressure and capillary pressure at steady state lower than 1%. Increasing λ resulted in a later time at which minimum capillary pressure was attained. For λ=1.5, capillary pressure reached steady state faster than for the other λ. Model instabilities were present for λ > 2; thus, λ was limited to a value of 2 in Table 2 . Note. CS = coarse-grained snow; MS = medium-grained snow; FS = fine-grained snow.
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Water Resources Research this study. For λ ≤ 2, the variable τ (equation (7)) did not affect the value of minimum capillary pressure, which was mainly controlled by γ; this reinforces the previous observation that τ mainly controls the simulated value of capillary pressure at steady state.
Saturation Overshoot in Snow
Water content distribution simulated within the three snow samples for the three different input fluxes was examined. Water content distributions within the three snow samples for the lower input flux (~20 mm/hr) at 1,200, 2,000, and 2,800 s for the snow samples FS, MS, and CS, respectively, are presented in Figure 4 . The parameters γ and τ 0 used for these simulations are the same as those from section 3.2 (Table 2) , with λ again set to 0. In all snow samples, a peak of water content was observed at the interface between wet and dry snow and saturation overshoots were simulated at the wetting fronts. For decreasing grain size, the overall simulated water saturation in the snow and the water content at the wet-to-dry snow interface increased, and the velocity of the wetting front was slower, due to higher capillary pressure in the finer pore space. In addition, saturation overshoot was greater for higher input flux (not shown).
Sensitivity of Model Parameters
The three model parameters (τ 0 , λ, and γ) impact the timing and magnitude of minimum capillary pressure and the capillary pressure at steady state. A sensitivity analysis was conducted using the snow sample CS under the lowest input flux (22.7 mm/hr) because the simulations of water infiltration through this snow sample were faster (higher time step allowed for model stability) than within the snow samples FS and MS. The results of the sensitivity analysis in the other snow samples is expected to be comparable, as the model parameters behaved similarly during the manual calibration in section 3.2.
Values of τ 0 and λ for snow are unknown. From manual calibration in section 3.2 (see Figure 3) , capillary pressure overshoot in CS under the lowest water influx was well represented for τ 0 ∈ [5.52 × 10 The VARS toolbox (Razavi & Gupta, 2016a , 2016b was used to create an input file for the sensitivity analysis, as well as to analyze model behaviors from varying input parameters. Based on a "star-based" sampling strategy, VARS creates the samples for the sensitivity analysis from the factor space of each parameter. The 1D nonequilibrium Richards equation model was then run with each sample (each containing values for the set {τ 0 , λ, γ}). The input coefficients in the VARS toolbox were kept to their default values, resulting in a total number of model runs (number of samples) equal to 260. VARS was then applied to analyze the model responses, that is, the biases between each of the three model outputs and their corresponding value in the observations, to each sample. The sensitivity of a model response to each factor was determined using the Integrated Variogram Across a Range of Scales (IVARS) over a range between 0% and 10% (IVARS 10 ), between 0% and 30% (IVARS 30 ), and between 0% and 50% (IVARS 50 ) as suggested by Razavi and Gupta (2016a) . Figure 5 presents the normalized IVARS 50 value of each parameter plotted for the three model outputs considered; results from the other IVARS metrics were similar. The three model outputs considered were mainly controlled by the parameter λ. Because the 90% confidence intervals for the pressure at steady state with the parameters τ 0 and λ were wide, these two parameters together controlled the modeled pressure at steady state. The parameter γ mainly impacted the modeled , and 2,800 s, respectively). The input flux used was~22 mm/hr; λ was chosen equal to 0; γ was equal to 2.26, 2.0, and 1.61; and τ 0 was equal to 1.05, 6.5, and 8.7 m·s for the snow samples FS, MS, and CS, respectively. FS = fine-grained snow; MS = medium-grained snow; CS = coarse-grained snow.
minimum capillary pressure, as observed during the manual calibrations (section 3.2).
Discussion
The new 1D nonequilibrium Richards equation model presented here was able to quantitatively represent capillary overshoots observed in different snow samples by Katsushima et al. (2013) , as well as saturation overshoots. This model differs from previous numerical studies (Hirashima et al., , 2017 Leroux & Pomeroy, 2017) that combined an imbibition capillary entry pressure threshold to the snow water retention curve for initially dry snow to simulate capillary pressure overshoot in snow. This simplified approach was found to be inaccurate when estimating capillary pressure at the tip of a preferential flow path in soil (Dicarlo, 2010) . Figure 6 shows a qualitative comparison of the simulated capillary pressures from this study (black line) against the model results from Leroux and Pomeroy (2017; dashed line) . The results from the 1D nonequilibrium Richards equation model are closer to the observations than those from previous snow models using a capillary entry pressure threshold Leroux & Pomeroy, 2017) . Saturation overshoots at the wetting fronts were also represented in all snow samples when τ > 0. (Figure 4 ). This is in accordance with other nonequilibrium Richards equation models that simulate water infiltration in soil (e.g., DiCarlo, 2005; Nieber et al., 2003; Sander et al., 2008; Zhang & Zegeling, 2017) . For τ = 0, solutions of the standard Richards equation were reproduced, that is, monotonic capillary and saturation solutions. Estimated water content was higher for larger influx and for smaller grain sizes due to higher capillary pressure within narrow pores. The simulated water contents (up to 10% for the lower input flux; cf. Figure 4) are within the range of observed values in other snow samples with similar grain sizes, densities, and surface flux (Avanzi et al., 2016; Waldner et al., 2004 ).
The 1D model was compared to 3D data, and so care must be taken in such an evaluation. As the data from Katsushima et al. (2013) are qualitatively similar to 1D overshoot profiles measured in soil (e.g., DiCarlo, 2007) , these data were deemed to be suitable for comparison with a 1D model. After adjusting three model parameters (τ 0 , γ, and λ), the model accurately reproduced capillary overshoots observed during the snow experiments. Increasing λ (thus decreasing τ 0 ) resulted in model instabilities and had a small impact on model results compared to keeping τ constant. Due to the formation of preferential flow paths during the laboratory experiments, which was not simulated by the model, steady state in the experiment was reached sooner than in the model (Figure 2 ). By collecting 1D vertical flow through snow data, this model could be better parameterized; this could be done by conducting experiments similar to Katsushima et al. (2013) but using tube samples of diameters smaller than the lateral extent of preferential flow paths, so such flow paths cannot form (DiCarlo, 2010) .
The relaxation coefficient τ symbolizes the rate of redistribution of the wetting phase within the pores (DiCarlo, 2013) . For finer snow samples (smaller grain sizes), higher values of τ were necessary to represent the measured capillary overshoots. This was also observed in soil by CampsRoach et al. (2010) and Das and Mirzaei (2012) . This is likely caused by stronger capillary pressure within smaller pores slowing down the redistribution of liquid water within the pores. Additionally, τ decreased for increasing input fluxes, as less time would be required for water to (Leroux & Pomeroy, 2017) , and the colored diamonds are the observations of Katsushima et al. (2013) . CS = coarse-grained snow; MS = medium-grained snow; FS = fine-grained snow.
redistribute within the pore space. The present study, through comparisons with experiment data, provides some initial understanding of the relaxation coefficient (τ) for different snow grain sizes and water input fluxes. However, incorporating this model into operational snowmelt models requires a better understanding of how τ varies for different densities.
One-dimensional models have been developed to estimate capillary or saturation overshoot in soil, as well as 2D or 3D unstable flow in multidimensional models (Chapwanya & Stockie, 2010; Nieber et al., 2003; Sander et al., 2008; Zhang & Zegeling, 2017) . Including capillary hysteresis in these models has proven critical to suppress oscillations in simulated capillary pressure (e.g., Sander et al., 2008) . From the analysis in section 3.2, γ (used to scale the main imbibition curve from the main drainage curve) was smaller for finer grain size, as previously observed by Likos et al. (2013) during soil experiments. The van Genuchten parameters n i and n d for the main imbibition and main drainage curves, respectively, were assumed equal to limit the number of unknown parameter in the model. It should be noted that these two coefficients most likely differ, as observed in DiCarlo (2004) . Additional work is required to better determine the main imbibition curve in snow.
More experiments in artificial and natural snowpacks under controlled conditions are required to better understand and estimate the parameters introduced in this study (τ 0 , λ, and γ), as well as to validate the applicability of Land's model (Land, 1968) for estimating residual water saturation (equation (2)). Wet snow metamorphism, that is, the evolution of grain size and shape with liquid water (e.g., Brun, 1989) , was not accounted for in this model; this was justified by the short time of the experiments and simulation. Using the model of Brun (1989) to estimate the growth speed of grain diameter with water content, it was found that the diameter growth speed for a water content of 10% would be at most equal to 4 × 10 À3 mm/ hr for the finer snow sample (it would be slower for the coarser snow samples). This justifies the omission of wet snow metamorphism in the current model as the simulated water flow through snow was at most 1 hr. The impact of refreezing of liquid water within the pore space (Humphrey et al., 2012) and snow metamorphism (Brun, 1989; Colbeck, 1982 Colbeck, , 1998 on capillary pressure in snow has yet to be studied. Water flow through snow and thus the forecasting ability of snowmelt models would greatly benefit from better estimates of the capillary pressure within the snow pore during melting, refreezing, and metamorphism processes.
Conclusions
A water flow through snow model that combines the nonequilibrium Richards equation with a trapping model for the wetting phase was presented. When compared to previously published experiment data, capillary pressure overshoot in snow was well represented using dynamic capillary pressure in the Richards equation. The use of dynamic capillary pressure in snow, instead of a capillary pressure threshold in the snow water retention curve when the snow is initially dry Leroux & Pomeroy, 2017) , was motivated by the limited aptitude of these models to represent capillary overshoot and by experimental findings in soil studies (DiCarlo, 2010) showing that capillary pressure at the tip of a preferential flow path follows a dynamic capillary pressure curve similar to the static imbibition curve. A relaxation coefficient that symbolizes dynamic effects at pore scale was introduced. The behavior of the relaxation coefficient for different grain sizes and under various water influxes is in accordance with soil studies and helps better understand the nonequilibrium process of water flow through porous media.
In soil, capillary overshoot observed in 1D experiments proved to be the cause of unstable flow in multidimensional experiments. Therefore, a future study should consider upscaling this 1D nonequilibrium Richards equation model in 2D or 3D to simulate formation and propagation of preferential flow paths
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Water Resources Research through snow. This research provides initial values for the model parameters that could be used in a multidimensional model. These model parameters were shown to vary with grain size, but parametric relationships are needed to relate the model parameters to snow density and grain size.
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